The ATP-binding cassette (ABC) transporter superfamily is one of the most widespread of all gene families and currently has in excess of 1100 members in organisms ranging from the Archaea to man. The movement of the diverse solutes of ABC transporters has been accepted as being strictly unidirectional, with recent models indicating that they are irreversible. However, contrary to this paradigm, we show that three solute-binding protein-dependent (SBP) ABC transporters of amino acids, i.e. the general amino acid permease (Aap) and the branched-chain amino acid permease (Bra) of Rhizobium leguminosarum and the histidine permease (His) of Salmonella typhimurium, are bidirectional, being responsible for efflux in addition to the uptake of solutes. The net solute movement measured for an ABC transporter depends on the rates of uptake and efflux, which are independent; a plateau is reached when both are saturated. SBP ABC transporters promote active uptake because, although the V max values for uptake and efflux are not significantly different, there is a 10 3 210 4 higher affinity for uptake of solute compared with efflux. Therefore, the SBP ABC transporters are able to support a substantial concentration gradient and provide a net uptake of solutes into bacterial cells.
Introduction
The ABC superfamily is a large ubiquitous group of transporters that possess a common minimum structure consisting of four domains: two hydrophobic integral membrane domains and two ATP-binding domains (Higgins, 1992; Holland and Blight, 1999) . Their importance is demonstrated by a number of inherited disorders, such as cystic fibrosis (Zielenski and Tsui, 1995) , Stargardt macular dystrophy (Allikmets et al., 1997) and progressive familial intrahepatic cholestasis (Strautnieks et al., 1998) , being caused by mutations in the corresponding ABC transporter. The superfamily also includes the clinically important p-glycoprotein, which causes multidrug resistance in mammalian cells, leading to problems in tumour chemotherapy (Sharom, 1997) . One member of the superfamily (CFTR) is a channel, which allows the bidirectional passage of ions across membranes (Higgins, 1992) . A subfamily of ABC transporters that is responsible for the uptake of solutes is found exclusively in prokaryotes (Saurin et al., 1999) . The members of this family can be distinguished from other ABC transporters by the presence of a solute-binding protein (SBP), in addition to integral membrane domains and ATP-binding domains. This SBP is located in the periplasm of Gramnegative bacteria and attached to the cell membrane in Gram-positive bacteria and Archaea (Holland and Blight, 1999) . The members of this subfamily also contain a signature (EAA) motif in the integral membrane domains, which is believed to interact with a specific region of the ATP-binding domain (Saurin and Dassa, 1994) . The SBP ABC transporters are required for the uptake of a variety of small molecules (including amino acids, metal ions and sugars) and can accumulate solutes against very large concentration gradients (. 10 000-fold) (Higgins, 1992) .
Most SBP ABC transporters of amino acids are specific for a single solute or a related group of amino acids (Walshaw et al., 1997a) . However, the general amino acid permease (Aap) of Rhizobium leguminosarum and closely related transporters (e.g. the BztABCD permease of Rhodobacter capsulatus; Zheng and Haselkorn, 1996) are unusual in that they can transport a wide range of L-amino acids (Walshaw and Poole, 1996) . One of the most striking differences between the narrow-and broad-solute specificity transporters is the size of the integral membrane proteins, with the broad-solute specificity transporters having an N-terminal extension making them larger by < 30%. Hydropathy predictions of the integral membrane proteins (AapQM) of the general amino acid permease indicate eight or nine transmembranespanning segments, whereas the integral membrane proteins of the narrow-solute specificity transporters are typically predicted to have five (Walshaw et al., 1997a) .
One of the characteristics of all ABC transporters that separates them mechanistically from secondarily coupled transporters is the hydrolysis of ATP. This has led to the widespread acceptance that ABC transporters are therefore unidirectional. All recent models incorporate the concept of unidirectionality as an integral part of the transport mechanism (Higgins, 1992; Liu and Ames, 1997; Nikaido and Ames, 1999; Saurin et al., 1999) . However, this view is challenged by our earlier observations on the R. leguminosarum Aap, an SBP ABC transporter that influences efflux of solutes in addition to uptake (Walshaw and Poole, 1996) . However, that study was not definitive, because it could not distinguish between Aap being responsible for both the uptake and the efflux of amino acids, or its regulation of a separate efflux system. In that study, the R. leguminosarum strains used have another transporter of the non-metabolizable solute (a-aminoisobutyric acid, AIB) used in the efflux studies. We have now characterized this permease as a LIV-I-like SBP ABC transporter (Bra), and mutagenesis of both Aap and Bra confirmed that R. leguminosarum does not possess further transporters of AIB. We show that, when Aap is the sole transporter of AIB, efflux still takes place. Similarly, bidirectional translocation of AIB is observed when Bra is the sole transporter of AIB. One of the most studied ABC transporters is the His permease of Salmonella typhimurium, and this permease can also influence the bidirectional transport of solutes. By dual expression of Aap and His in S. typhimurium, we demonstrate that these transporters are responsible for the efflux of solutes in addition to their uptake. Kinetic experiments indicate that, in contrast to high-affinity uptake, efflux is low affinity. Therefore, although SBP ABC transporters can export solutes, these transporters are able to support a substantial, inwardly directed concentration gradient. Consequently, SBP ABC transporters may be referred to correctly as active uptake systems. However, current models of the transport mechanism of ABC uptake systems all indicate that solute movement is unidirectional and must be modified to incorporate the bidirectional movement of solutes.
Results

Identification of a LIV-I-like transporter of R. leguminosarum
The previous study of Aap was complicated by the presence of other transporters for the amino acids being studied. We have now identified a second amino acid transporter in R. leguminosarum in a region upstream of the pssB gene, which is involved in the production of exopolysaccharide (Borthakur et al., 1988) . Sequencing of this region revealed five open reading frame (ORF) products with homology to SBP ABC transporters (the sequence data has been submitted to the EMBL database under accession number AJ272047). These comprised one periplasmic-binding protein (BraC), two nucleotidebinding proteins (BraFG) and two integral membrane proteins (BraDE). BLAST (Altschul et al., 1997) searches identified extensive similarity to the branched-chain amino acid transporters (LIV-I) of Escherichia coli (Landick and Oxender, 1985) , S. typhimurium (Matsubara et al., 1992) and Pseudomonas aeruginosa (Hoshino and Kose, 1990) , which transport leucine, isoleucine, valine, alanine and threonine. For example, the P. aeruginosa BraCDEFG proteins share 41%, 50%, 44%, 43% and 56% identity, respectively, with the R. leguminosarum homologues described here. The R. leguminosarum strain RU1131, which contains a braE::TnphoA insertion, has decreased rates of leucine, alanine and a-aminoisobutyric acid (AIB) uptake, and a strain mutated in both aap and bra (RU1357) had no detectable uptake of leucine, AIB, glutamate or histidine and only a residual rate of alanine uptake (data not shown). Aap and Bra therefore represent the principal permeases for these amino acids in R. leguminosarum under these conditions.
Efflux of intracellular solutes of Aap and Bra
Rhizobium leguminosarum cells with a functional Aap or Bra exported an intracellular pool of [ 14 C]-AIB (a nonmetabolizable amino acid analogue) when excess extracellular solute was added. When Bra was the dominant permease (i.e. aap mutant), [ 14 C]-AIB efflux was observed after the addition of homologous, aliphatic amino acids, but not after the addition of glutamate (Fig. 1A) . In contrast, when Aap was the dominant amino acid permease (i.e. bra mutant), [ 14 C]-AIB was exported when a broad range (AIB, glu, ala, his and leu, but not arg) of amino acids was added (Fig. 1B) . These results reflect the uptake specificity of the transporters; Aap has broad amino acid specificity (Walshaw and Poole, 1996) , whereas Bra preferentially transports aliphatic amino acids. The addition of excess (40-fold) arginine did not inhibit the uptake of glutamate, histidine or AIB via Aap (i.e. uptake rates were 119%, 96% and 66% of the uptake control respectively). Correspondingly, arginine did not affect [ 14 C]-AIB efflux via the Aap pathway (Fig. 1B) .
The level of expression of the R. leguminosarum Aap system was increased by introducing pRU191 (which contains the aapJQMP ) into the aap bra double mutant RU1357. This increased the rate of [ 14 C]-AIB efflux after the addition of glutamate by approximately three-fold compared with when only the chromosomal copy of aap was present, even though the intracellular concentrations of AIB were comparable (cf. Fig. 1C and B) . Therefore, the amount of Aap present in the cell influences the rate of both uptake and efflux. We conclude that Aap and Bra both exhibit bidirectional behaviour, with solute export being dependent on the specificity of uptake and the copy number of the transporter. Two possible models could explain the data described above. Either Aap and Bra are responsible for bidirectional translocation of solutes or they regulate other amino acid transporters that are responsible for the efflux of a broad range of amino acids. To distinguish these two models, the cloned aapJQMP operon of R. leguminosarum was expressed in S. typhimurium. The S. typhimurium strain (NCIMB 10249) was chosen because it has no detectable AIB uptake (data not shown), and Southern blot analysis indicated that it has no homologue of aap (Walshaw et al., 1997a) . S. typhimurium strains containing cloned aapJQMP were able to transport AIB, as observed in R. leguminosarum, with efflux detected after the addition of excess amino acids. The specificity of solute uptake induced by Aap in S. typhimurium was identical to that observed in R. leguminosarum and is reflected in the amino acids, which, when added in excess, reveal AIB efflux (Figs 1B and 2A) . Therefore, Aap of R. leguminosarum exhibits bidirectional behaviour when expressed in S. typhimurium.
The S. typhimurium His permease exhibits bidirectional behaviour
It seems unlikely that S. typhimurium has an efflux permease for a solute that it is ordinarily unable to transport and that such a permease only functions when solutes transported by Aap are present in excess or are being actively transported by Aap. Nevertheless, the possibility exists that S. typhimurium contains a dedicated amino acid efflux system with broad specificity Zakataeva et al., 1999) . It is possible that such a transporter is only activated by the presence of high levels of ABC transporters. Therefore, the ability of other SBP ABC transporters to induce the efflux of amino acids was investigated. One of the most extensively studied SBP ABC transporters is the histidine transporter (His) of S. typhimurium (Higgins et al., 1982) . Consistent with the known specificity of His (Ames and Lever, 1972) , overexpression of S. typhimurium hisJQMP in S. typhimurium (NCIMB 10249) uptake specificity of His, with efflux detected only after the addition of excess histidine and arginine (Fig. 2B ). Therefore, the S. typhimurium His transporter also exhibits bidirectional solute movement.
Dual expression studies indicate that ABC uptake systems are bidirectional
Although ABC transporters may be responsible for uptake and efflux themselves, it is still possible that they activate a separate efflux system. Increased expression of an ABC transporter will increase the rate of solute uptake, leading to a rapid increase in its intracellular concentration. It may be the high intracellular concentration of solute that activates a general efflux system. Alternatively, ABC transporters may directly affect the activity or expression of a general efflux system. If either model is correct and efflux is via a separate general efflux system, the export rate of solute preloaded via one transporter would be enhanced after the addition of a solute specific for a second system. The aap and his operons were therefore co-expressed in S. typhimurium. The transport characteristics of Aap and His in the resulting strain ( Fig. 2C and D) were identical to those observed when the transporters were expressed individually ( Fig. 2A and B) . Remarkably, although the strain containing both Aap and His is able to transport arginine into the cell at a high rate (39.66^2.83 nmol of arginine mg 21 protein min 21 ; 21 times the rate of AIB uptake), the addition of excess arginine did not stimulate the efflux of [ 14 C]-AIB (Fig. 2C ), but [ 14 C]-histidine efflux was observed (Fig. 2D ). Therefore, efflux of a preloaded solute was observed only after the addition of amino acids that can be translocated by the transporter of the preloaded solute, indicating that an increase in intracellular concentration is not sufficient for efflux to be detected. Either ABC transporters must be bidirectional or each ABC transporter must regulate a specific efflux system with a corresponding specificity. The latter concept is so inherently improbable that we consider it is reasonable to conclude that solutes are transported bidirectionally by SBP ABC transporters.
Periplasmic-binding protein specificity affects solute efflux
The membrane components of the S. typhimurium His transporter (HisQMP) interact with two different periplasmic-binding proteins with different solute specificity. HisJ binds histidine (K d 0.1 mM) and arginine (K d 10 mM) (Ames and Lever, 1972) , whereas ArgT (LAO) binds arginine, lysine and ornithine (Higgins and Ames, 1981; Kreimer et al., 2000) . To investigate the effect of each of these binding proteins on the efflux of histidine from S. typhimurium, they were co-expressed with hisQMP (pRU755) in a strain of S. typhimurium with no chromosomal copy of argThisJQMP (TA1835) (Ames et al., 1977) . The co-expression of hisJ with hisQMP increased the rate of histidine uptake from 2.02^0. (TA1835 pRU755 pRU789). This increase in histidine uptake when ArgT is the only periplasmic-binding protein indicates that, although ArgT has a lower affinity for histidine than HisJ, the affinity is sufficient to facilitate transport. In the presence of HisJ, [ 14 C]-histidine efflux was observed after the addition of excess histidine and arginine. However, only marginal efflux was observed after the addition of lysine or ornithine (Fig. 3A) . In contrast, when ArgT was present, the addition of excess histidine, arginine, lysine and ornithine resulted in the net efflux of [ 14 C]-histidine (Fig. 3B) . Therefore, the specificity of the periplasmic-binding proteins determines the amino acids that allow the efflux of histidine to be observed.
Kinetics of solute uptake and efflux
Given that SBP ABC transporters actively accumulate solutes to several thousand-fold inside the cell, it is necessary to understand how bidirectional solute movement can lead to such concentration gradients. We therefore characterized the kinetics of uptake and efflux by Aap and Bra in their native R. leguminosarum background, in which only one copy of these genes is present. The rate of AIB uptake by Aap in R. leguminosarum reaches a plateau after a prolonged period (Fig. 1D) . Therefore, although transport of AIB by Aap and Bra is bidirectional, the significantly higher K m for efflux than for uptake (13 321-fold and 124 948-fold for Aap and Bra respectively) explains why these transporters are able to support a substantial concentration gradient. Consequently, these SBP ABC transporters may be correctly referred to as uptake systems, although they are also responsible for the efflux of solutes.
Solute uptake and efflux are independent
An important question regarding the solute movement of SBP ABC transporters is whether efflux occurs as a result of exchange with an incoming uptake solute or whether it is the sum of independent uptake and efflux processes. To test this, cells of R. leguminosarum with an active Aap (strain RU1131) were preloaded with [ 14 C]-AIB, washed and resuspended in assay buffer (Fig. 5) . Efflux of the radioactive solute was observed regardless of whether an excess of unlabelled solute (glutamate) was added. The initial rates of efflux in the presence and absence of glutamate were comparable, although the final level of [ 14 C]-AIB remaining in the cell was lower if excess glutamate was present. This is presumably because the excess glutamate prevents the reuptake of the exported AIB. Therefore, the uptake of solutes by the Aap does not directly influence the export of solutes by this transporter. Rather, efflux is dependent on the intracellular solute concentration (Fig. 4) . In experiments in which a radioactive solute has been allowed to accumulate intracellularly (e.g. Fig. 2) , the subsequent addition of an excess of unlabelled solute prevents further uptake of the labelled solute, revealing the efflux of label from the cell.
Discussion
The data show that three SBP ABC transporters, from two bacterial species, can transport solutes across the membrane in both directions, with the rates of both uptake and efflux dependent on the expression level of the ABC transporter. Kinetic analysis revealed that, although uptake is of very high affinity and active, efflux is of much lower affinity. The requirement of ABC uptake systems for a high-affinity binding protein, in addition to the membrane complex, may be to shift the overall affinity for solute towards uptake and overcome the inherent efflux of these systems. This may be achieved by the solutebinding proteins delivering ligands to the mouth of the translocation pore in high concentrations, therefore creating a concentration gradient, which drives the movement of solute (Liu et al., 1999) . Such a role is consistent with the poor translocation observed with SBPindependent mutants that constitutively hydrolyse ATP and translocate solute only at high concentrations (Treptow and Shuman, 1985; Petronilli and Ames, 1991; Dean et al., 1992; Liu et al., 1999) . Indeed, although SBPindependent mutants of the His permease were able to support growth on D-histidine, no enhanced uptake of L-histidine was detected in transport assays (Speiser and Ames, 1991) , and only a slight increase in the rate of arginine uptake was observed (Petronilli and Ames, 1991) . The K m for maltose uptake by SBP-independent mutants of the maltose permease in whole cells was 1-2 mM, Fig. 4 . Kinetics of AIB uptake and efflux by Bra and Aap. The kinetics of AIB uptake (A and B) and efflux (C and D) by Bra and Aap were determined using R. leguminosarum strains RU1356 (aap -bra 1 A and C) and RU1131 (aap 1 bra -; B and D). The data shown are the average of three individual experiments. The intracellular solute concentrations were determined from the known intracellular volume of R. leguminosarum (Dilworth and Glenn, 1982) . compared with 1 mM in the wild type (Treptow and Shuman, 1985) .
The secretion of amino acids by bacteria, although common, is poorly understood (Kramer, 1994) , and amino acid efflux proteins have only been described recently (Vrljic et al., 1996; Aleshin et al., 1999; Dassler et al., 2000) . However, it is possible that, in addition to these efflux systems, the cell uses solute uptake systems in reverse (the 'inversion model'; Kramer, 1994) . Our results indicate that SBP ABC transporters of amino acids (i.e. the Aap, Bra and His transporters) are bidirectional and can therefore export amino acids from bacteria. Indeed, with regard to Aap, we have demonstrated that this occurs under physiological conditions (Walshaw and Poole, 1996) . Growth of R. leguminosarum on glucose/aspartate leads to the secretion of glutamate, which is reduced 76% by mutation of Aap. Thus, Aap has a role in the secretion of amino acids that accumulate in the cell as a result of metabolism. Notably, the intracellular concentration of glutamate in R. leguminosarum is 4 mM (Walshaw et al., 1997b) , at which concentration kinetic data reveal efflux by Aap as substantial ( Fig. 4C and D) . Glutamate secretion by an Aap mutant could be restored by a plasmid copy of aapJQMP, but not by aapQMP, indicating that the Aap periplasmic-binding protein is required for glutamate efflux (Walshaw and Poole, 1996) . Liganded and unliganded solute-binding proteins of the His permease are reported to bind to the membrane complex with equal affinity (Ames et al., 1996) . Therefore, although a solute-binding protein is a requirement for efflux via SBP ABC transporters, the binding of extracellular solute to the binding protein may not be necessary.
Given that we have now demonstrated that AIB uptake results from Aap and Bra in R. leguminosarum, we can interpret more accurately previously published data on the role of the SBP in solute efflux (Walshaw and Poole, 1996) . If an SBP is not required for efflux, overexpression of aapQMP in an aapJ mutant background should decrease the observed rate of AIB uptake via Bra, because of concurrent efflux via AapQMP. However, there was no significant difference between the rate of uptake in the presence and absence of aapQMP. Similarly, after the addition of excess competitor, the rate of efflux was unaffected. Furthermore, we can also conclude that the ABC subunit is necessary for efflux to occur. This is because strains with a transposon insertion in aapP, which still express aapJQM, did not lower rates of uptake or efflux by cells still expressing Bra.
In accordance with our findings with whole cells, when the His permease was reconstituted in membrane vesicles, uptake and efflux of histidine were observed at the uptake plateau (Prossnitz et al., 1989) . This plateau of uptake rate was therefore attributed to equilibrium between the entry and exit of histidine. In contrast, when workers from the same laboratory reconstituted the His permease in proteoliposomes, no efflux of histidine was observed (Liu and Ames, 1997) . The earlier findings were considered erroneous, with efflux of histidine being the result of other transport systems or porins present in the crude membrane vesicles. However, if our findings with Aap and Bra regarding a much higher K m for efflux than for uptake are applied to the His operon, the maximum histidine concentration attainable within proteoliposomes (reported as 230 mM; Liu and Ames, 1997) would not be sufficient for significant efflux to occur. Therefore, the original conclusion that the plateau of histidine uptake that was observed in reconstituted vesicles is the result of equilibrium between solute uptake and efflux remains valid.
Although we have considered three amino acid uptake systems, it is relevant to note that exchange kinetics, similar to those seen for Aap, Bra and His, have been measured for the ABC system for maltose uptake (Ferenci et al., 1977) . In that study, maltose metabolism was minimized by the use of metabolic mutants. However, the efflux could be inhibited with the proton ionophore CCCP (20 mM), and it was concluded that the efflux is not through the maltose permease. The use of CCCP at 20 mM is excessive and liable to lead to non-specific effects. In our studies of the Aap, CCCP at such high concentrations leads to a rapid loss of internal label (AIB) and then a plateau, whereas at more modest concentrations (1 -5 mM), it simply allows passive efflux of internal AIB (data not shown). These experiments were conducted in ATPase-coupled strains, in which proton ionophores will also collapse the internal concentration of ATP and inhibit active uptake by ABC systems. The difficulty of using inhibitors as the sole source of information is highlighted by the conclusion drawn from the maltose study that ATP is not the energy source for maltose uptake. We reasoned in this study that it is essential to avoid dependence on either inhibitor studies as a primary source of evidence or on reconstitution, in which contamination and low internal vesicle concentrations may mask a low-affinity efflux reaction. Instead, we chose to disturb the system as little as possible and test the hypothesis by experiments such as the dual expression of the Aap and His in whole cells. It is certainly remarkable that, to our knowledge, in any study of an ABC uptake system in which metabolism of the solute is prevented, an efflux reaction of equal rate to uptake has always been seen, resulting in an equilibrium plateau.
Recent models of solute translocation by SBP ABC transporters show solutes diffusing unidirectionally through the transporter complex, possibly using ligand binding sites in the complex (Nikaido and Ames, 1999) . However, although this is contrary to the bidirectional movement of solutes reported here, we do not believe it is fundamentally incompatible. Instead of being unidirectional, the pathway may be highly biased by differential binding affinities for ligands. This would result in highly directional solute movement and is compatible with the large differences in the affinity for uptake and efflux measured in this study. The proposed models for both His and maltose permeases (Nikaido and Ames, 1999; Diederichs et al., 2000) indicate that a translocation pathway is formed after the binding of liganded solutebinding protein.
In the maltose permease model, this pathway is an open water channel, through which maltose can diffuse freely or in a surface-absorbed state (Diederichs et al., 2000) , whereas in the His permease model, a bound ligand is released from HisJ and diffuses unidirectionally, followed by a second solute molecule binding to the receptor before release and translocation (Nikaido and Ames, 1999) . However, it is not known how solutes move through the translocation pathway of SBP ABC transporters. Transport studies of solute-binding protein-independent mutants of the His permease reconstituted in proteoliposomes indicate that there is a specific solute binding site on HisQ/M/P (Liu and Ames, 1997) . This solute binding site may form part of the translocation pathway and implies that solute interacts with the transport complex rather than passing through a pore by simple diffusion. The data presented here reveal that solute movement is not unidirectional, but bidirectional. However, it is not apparent whether solute uptake and efflux occur by the same route using identical solute binding sites. Release of ADP and P i from HisP is proposed to result in the re-engagement of HisP with HisQM and closure of the translocation pathway (Nikaido and Ames, 1999) . It has been proposed that a second solute molecule can bind to the solute receptor without this protein necessarily leaving the membrane complex (Nikaido and Ames, 1999) . For this to be so, the translocation pathway must become accessible to extracellular solute. If the translocation pathway is exposed to the extracellular matrix, intracellular solutes may also be exported through this route.
The observation that active uptake by ABC transport systems has a low-affinity efflux reaction, which is an integral part of the transport process, is a major change in our understanding of their mechanism. However, it does not contradict current data about solute uptake, but does require substantial modification of models of how solutes move through the solute pore. Furthermore, it highlights how little we understand the key steps of solute translocation.
Experimental procedures
Bacterial strains and culture conditions Rhizobium leguminosarum strains, derived from strain A34 (formerly known as 8401 pRl1JI) (Downie et al., 1983) , were grown at 288C on either tryptone yeast extract (TY) (Beringer, 1974) or acid minimal salts (AMS) medium (Poole et al., 1994) with 10 mM D-glucose and 10 mM ammonium chloride. Antibiotics were used at the following concentrations (mg ml 21 ): streptomycin, 500; kanamycin, 40; tetracycline, 2 (in AMS) and 5 (in TY); gentamicin (Gm), 20; and spectinomycin (Sp), 100.
Salmonella typhimurium strains were grown at 378C on either Luria -Bertani (LB) or M9 medium (Sambrook et al., 1989) . Antibiotics were used at the following concentrations: tetracycline, 10 mg ml 21 ; and chloramphenicol, 10 mg ml 21 .
Genetic modification of bacterial strains
Plasmids pRU191 and pRU310 have been described previously (Walshaw and Poole, 1996) . Plasmids were conjugated into R. leguminosarum as described previously (Poole et al., 1994) . S. typhimurium cells from a mid-log culture (washed and resuspended in 1 mM HEPES, pH 7, 10% glycerol) were electroporated using a gene pulser (BioRad) with 0.2 cm cuvettes and settings of 25 mF, 200 ohms and 2.5 kV. A 5.4 kb Mlu I-Cla I fragment from pRU3024 (Walshaw and Poole, 1996) containing aapJQMP was cloned into the Eco RV site of pBluescript SK -(Stratagene), creating pRU189. A 3.2 kb mfe I fragment was deleted and replaced with an Eco RI fragment of pPH45VSp (Fellay et al., 1987) containing the VSp interposon. The resulting plasmid, pRU409, is deleted for aapJQM, and the VSp insertion interrupts the operon, thus preventing the expression of aapP. An Xba I-Xho I fragment containing the DaapJQM::VSp insert was subcloned into the suicide vector pJQ200SK (Quandt and Hynes, 1993) . This new plasmid, pRU410, was conjugated into R. leguminosarum A34, and Gm s Sp r homogenates were selected on TY containing 10% sucrose. R. leguminosarum A34 DaapJQM::VSp was designated as strain RU1356. The deletion was confirmed by Southern blotting.
The bra operon was identified on cosmid pIJ1427 (Borthakur et al., 1988) , and a braE::TnphoA insertion was isolated (pBIO206). The 9 bp repeat resulting from the insertion of TnphoA in pIJ1427 is gcatggact. The chromosomal braE::TnphoA mutations of R. leguminosarum were created by conjugation of pBIO206 into strain A34, and RU1356 and homogenates were isolated (Ruvkun and Ausubel, 1981) . The resulting A34 braE::TnphoA strain was named RU1131, and RU1356 braE::TnphoA (i.e. aap bra double mutant) was designated RU1357. All strains were confirmed by Southern blotting.
A 6.7 kb Eco RI-Cla I fragment from pIJ1427 containing the whole bra operon was cloned into pBluescript SK -to create plasmid pRU714. Subclones of pRU714 were created in pBluescript SK -and used to determine the sequence of the R. leguminosarum A34 bra operon by cycle sequencing using Cy5-labelled M13 universal and reverse primers and the ALFexpress II DNA analysis system (Amersham Pharmacia Biotech). Sequences were analysed using VECTOR NTI version 5.2.1.0 (InforMax).
Genomic DNA of S. typhimurium NCIMB 10249, prepared using DNAce Clini Pure (Bioline), was used as a template to amplify the hisJQMP operon by polymerase chain reaction (PCR) with primers 5 0 -AACTACGAATTCTTTTTGGTGCATA AGCCGTTG-3 0 and 5 0 -AACTACGAATTCGGCTGGTATGA TTTAGAAGAGGCG-3 0 . The 3.4 kb product was initially cloned using a TOPO TA cloning kit (Invitrogen) before subcloning as an Eco RI fragment into a low-copy-number vector, pHSG576 (Takeshita et al., 1987) , to form pRU607. Similarly, hisQMP was amplified using primers 5 0 -AGCCCAA AGAATGTTGACTGTCTGC-''3 0 and 5 0 -AACTACGAATTC GGCTGGTATGATTTAGAAGAG GCG-3 0 and cloned into pHSG576 (pRU755); hisJ was amplified using primers 5 0 -AACTACGAATTCTTTTTGGTGCATAAGCCGTTG-3 0 and 5 0 -GCAGACAGTCAACATTCTTT G GGCT-3 0 and cloned into pRK415 (Keen et al., 1988 ) (pRU752); and argT was amplified using primers 5 0 -TTTGCGTTTAATGACCTAGGCCGCT-3 0 and 5 0 -CAACGGCTTATGCACCAAAAAG-3 0 and cloned into pRK415 (pRU789).
Transport assays
Rhizobium leguminosarum uptake assays were performed as described previously (Poole et al., 1985) . For S. typhimurium strains, uptake assays were performed as for R. leguminosarum strains with the following alterations. Cells were grown in M9 medium to an OD 600 of 0.4 -0.7, washed in 50 mM potassium phosphate, pH 7.2, and assays were performed at 378C in 50 mM potassium phosphate, pH 7.2, containing 10 mM glucose.
For solute exchange experiments, cell suspensions were incubated in 25 mM (0.5 mCi)
14 C-labelled AIB or histidine at 288C or 378C for 1, 3 or 10 min before the addition of excess solutes (see Figs 1 -3 ) to a concentration of 0.5 mM. In dual isotope exchange experiments, 0.5 mM (5 mCi) [ 3 H]-AIB was added after 40 min preincubation with 25 mM (0.5 mCi) [
14 C]-AIB. Samples of 0.1 ml were removed at time intervals before and after adding excess solute for Millipore filtration and counting as for uptake assays.
The kinetics of AIB uptake by R. leguminosarum strains were determined using various [ 14 C]-AIB concentrations in standard uptake assays.
AIB efflux kinetics were determined by incubating R. leguminosarum in 25 mM (0.5 mCi) [ 14 C]-AIB over a time range (see Fig. 4C and D) before adding AIB to 0.5 mM. Samples were removed at 0, 1, 2 and 3 min after the addition of excess AIB, and the rate of efflux was determined as for uptake assays. Intracellular solute concentrations of R. leguminosarum A34 were determined from the known intracellular volume of this species (1.45 ml g 21 dry weight) (Dilworth and Glenn, 1982) . To determine whether solutes were exported from R. leguminosarum in the absence of uptake, cell suspensions were preloaded with [
14 C]-AIB by incubation in 25 mM (0.5 mCi)
14 C-labelled AIB at 288C for 10 min. Cells were then filtered onto a nitrocellulose membrane (0.45 mM), washed with 3Â 5 ml of Rhizobium minimal salts (RMS) (Poole et al., 1985) and resuspended in an equal volume of RMS or RMS 1 0.5 mM glutamate. Samples of 0.1 ml were removed at time intervals (see Fig. 5 ) for Millipore filtration and counting as for uptake assays.
